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 3 
Abstract 4 
Conventional asphalt mixtures can perform satisfactorily in most flexible pavement and 5 
airfield applications. However, during recent years the trend has been towards traffic 6 
growth, severe climate conditions, and heavier loads. This allied to durability and cost 7 
effectiveness issues, has raised the demand to improve the mechanical properties of 8 
conventional asphalt materials by means of modification. Fibres may have the potential to 9 
achieve such modification and, thereby, enhance the mechanical properties of asphalt 10 
mixtures. This paper examines the relative performance of asphalt mixture modified with 11 
different fibre types and contents against the main distress types experienced by flexible 12 
pavements. Also, fibre distribution and orientation in the asphalt mixture are explored in 13 
this paper. The scanning electronic microscope images show the difference in the 14 
microstructure among fibre types. X-ray computed tomography investigation results 15 
indicate that steel fibres are present throughout the asphalt mixture specimen. The test 16 
results show that fibres have a notable impact on the stiffness modulus and fracture 17 
toughness of asphalt mixtures at 20℃ test temperature. In addition, fibres provide slightly 18 
improved fatigue life of fibre reinforced asphalt mixtures, mainly at low strain values. 19 
Furthermore, results indicate that there is no detrimental impact of fibres on either the 20 
tensile strength or the moisture damage resistance of such mixtures.    21 
 22 
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1 Introduction 31 
There has been an increasing interest in modifying asphalt mixtures in order to improve 32 
their performance and the service life of pavements. Asphalt pavement performance is 33 
influenced mainly by three factors, axle loads, environmental temperature (since it is a 34 
viscoelastic material) and moisture [1, 2]. Many researchers have utilised different 35 
modifiers to improve asphalt mixture service quality [3, 4]. Among these modifiers 36 
different types of fibre such as steel, basalt, polypropylene and thermoplastics have been 37 
used [5-8]. The influence of fibres on asphalt mixtures is different to that of polymers 38 
including Styrene-Butadiene Rubber (SBR), Styrene-Butadiene-Styrene (SBS) and 39 
Polyethylene (PE). Fibres not only modify asphalt binder to prevent drain down in asphalt 40 
mixtures, but also enhance the mechanical properties such as viscoelasticity, rutting 41 
resistance, dynamic modulus, and reflective cracking [9-11]. 42 
A good quality pavement is fundamental to guarantee a long service life. Such a pavement 43 
must be capable of providing a smooth ride and high resistance to thermal cracking, 44 
withstand large traffic volumes and effectively transfer load to the underlying support. This 45 
paper examines the influence of different types and percentages of fibre on asphalt 46 
mixture stiffness, fatigue cracking resistance, moisture damage resistance and fracture 47 
toughness. Furthermore, X-ray computed tomography (CT) is used to observe the 48 
presence of steel fibres and their entanglement in the asphalt mixture, in order to provide 49 
a better understanding of the fibre reinforcing mechanism.  50 
2 Materials 51 
2.1 Fibre types and properties 52 
Glass fibres of two lengths, cellulose fibres, and steel fibres recovered from tyres were 53 
selected for this study, and used as an additive to asphalt. Table 1 lists some basic 54 
properties of these fibres. 55 
Micrographs showing glass and cellulose fibres are given in Figure 1 and Figure 2 56 
respectively, using a scanning electronic microscope (SEM), and steel fibres viewed with 57 
an optical microscope (Nikon Digital Sight DS-Ri1) are shown in Figure 3. From these 58 
Figures, it can be seen that compared with the smooth glass and steel fibres, cellulose 59 
fibres are much rougher. The cellulose fibres are produced in uneven bundles, in which 60 
the fibre diameter can be as little as 1 micron and have a rough surface texture and 61 
irregular size. 62 
2.2 Bitumen and asphalt mixtures 63 
A 40/60 pen binder was used in this study [12]. The properties of the bitumen and 64 
limestone aggregate are shown in Table 2 and Table 3, respectively. 65 
A 0/20 mm size binder course Dense Bitumen Macadam (DBM) was used [13]. The 66 
gradation for the 20 mm DBM is shown in Table 4, and Figure 4 shows the gradation design 67 
curve. This Figure shows the upper and lower limits and the mid way curve from the British 68 
Standard, as well as the actual aggregate gradation used. The binder content used in this 69 
mixture was 5% by total mixture weight.  70 
2.3 Mixing and compaction 71 
The required amounts of binder and aggregate for manufacturing asphalt mixtures were 72 
preheated at the required mixing temperature; three hours for the binder and eight hours 73 
for aggregate. The preheated aggregates were placed and mixed in a mechanical asphalt 74 
mixer for two minutes at the required mixing temperature. Then fibre was added into the 75 
mixer and mixed manually for a few seconds before the preheated binder was added to 76 
the batch, and the mixing continued for another three minutes according to BS EN 12697-77 
35 [14]. The asphalt was then poured into a preheated square mould and compacted by 78 
the roller compactor to the required thickness, to reach the target air voids (7%) according 79 
to BS EN 12697-33 [15]. There was no clear influence of the fibre on the compaction 80 
effort. 81 
3 Experimental programme 82 
The experimental programme used in this study is shown in Table 5. These tests are 83 
focused mainly on evaluating the most important mechanical properties of asphalt 84 
mixtures, in addition to their microstructure. The number of replicate tests and material 85 
variables are shown in Table 5. 86 
3.1 X-ray computed tomography imaging 87 
Fibre reinforced asphalt mixtures are complex, heterogeneous, multiple phase composites 88 
of fibres, mastics, aggregates and air voids. The performance of fibre reinforced asphalt 89 
mixture is highly dependent on the proportion of these components, in addition to their 90 
physical properties, quantity and distribution [16-18]. In asphalt mixtures, the fibre 91 
distribution and the way they interact with each other contributes significantly to their 92 
ability in spreading traffic loads. Therefore, their microstructure and distribution play a 93 
significant role in performance.   94 
A few studies have explored fibre distribution and entanglement within bituminous binder 95 
by using a SEM [19-21]. These studies found that fibre dimensions and surface textures 96 
have an influence on the formation of three dimensional networks. The network formed 97 
provides support to the composite structure by holding the components together and 98 
reducing stress concentration in addition to retaining bitumen at high temperatures [22].  99 
However, so far, no research effort has been specifically dedicated to investigating the 100 
challenge of measuring the actual distributions of different types of fibre in the asphalt 101 
mixture. One part of this study was to explore the usefulness of using X-ray CT along with 102 
image analysis techniques to investigate the distribution and orientation of different fibre 103 
types in the asphalt mixtures. The advanced imaging facilities will help to achieve a better 104 
understanding of the asphalt mixture micro-structure and define the various parameters 105 
that may influence the internal structure and to link them to asphalt mixture mechanical 106 
properties. 107 
X-ray CT was used to characterise 475 evenly spaced cross-sectional ‘slices’ through 108 
asphalt mixture core specimens of 48 mm thickness and 46 mm diameter, that were taken 109 
from slabs prepared using a roller compactor. The images show the differences in density 110 
at each point in each slice through the specimen. A number of studies have claimed that 111 
X-ray CT is highly sensitive to small density differences between materials, as low as 1.0% 112 
[23, 24]. 113 
3.2 Indirect tensile stiffness modulus (ITSM) test 114 
The indirect tensile stiffness modulus test (ITSM) as shown in Figure 5 was used to 115 
evaluate the stiffness modulus of control and fibre reinforced asphalt mixtures [25]. The 116 
Nottingham Asphalt Tester (NAT) was used for this test. In accordance with BS EN 12697-117 
26, a compressive load pulse was applied with a rise time of 124±4 ms in order to produce 118 
a target horizontal deformation of 5±2 µm. The stiffness modulus was calculated as shown 119 




× (𝜐 + 0.27)                                                                                   (1) 121 
where ITSM is the stiffness modulus (MPa), F is the maximum load (N), ⱱ is Poisson’s 122 
ratio, z is the horizontal deformation (mm) and h is the specimen thickness (mm). 123 
3.3 Indirect tensile fatigue test (ITFT) 124 
The fatigue life of the asphalt mixtures was obtained through the indirect tensile fatigue 125 
test (ITFT). The test configuration is shown in Figure 6. In accordance with the Draft British 126 
standard [26], this test was made at a repeated constant load with 124 ± 4 ms loading 127 
time and a pulse repetition time of 1.5 ± 0.1s.  128 
The tests were made in stress controlled loading mode (the applied load is held constant 129 
during a test), at five different stress levels (150, 200, 300, 400 and 600 kPa), for each 130 
asphalt mixture. In stress controlled loading mode the failure point of the test is when the 131 
sample breaks, or the vertical deformation has reached 10 mm, whichever occurs first 132 
[26].  133 
The ITFT test results of the bituminous mixtures are characterised as a function of the 134 
applied strain according to equation (2). 135 
𝑁𝑓 = 𝑎𝜀0
−𝑏                                                                                         (2) 136 
where  Nf is the number of load cycles to failure, ε0 is the initial tensile strain at the middle 137 
of the specimen (micro-strain), a and b are the coefficients obtained from the laboratory 138 
test.  139 
The resistance of asphalt mixtures to fatigue cracking was assessed in this study by the 140 
following two parameters depending on the fatigue equations obtained for the mixtures 141 
[27, 28].  142 
o Strain value at one million cycles (micro-strain), and 143 
o Fatigue life at one hundred micro-strain. 144 
3.4 Indirect tensile strength test (ITS) 145 
An Instron 1332 hydraulic loading frame was used for evaluating the indirect tensile 146 
strength of control and fibre reinforced asphalt mixtures at 20℃ test temperature [29]. 147 
The Instron loading frame fitted with a load cell was used to apply compressive loading 148 
through the vertical axis of the specimen with a 50 mm/min displacement rate. The 149 
experimental setup of the ITS test is shown in Figure 7. The ITS was calculated for each 150 




                                                                                                   (3) 152 
where F is the vertical load (N), d is the specimen diameter (mm) and t is the thickness 153 
of the specimen (mm).  154 
3.5 Moisture damage test 155 
The moisture sensitivity test was made according to BS EN 12697-12 [30]. Five core 156 
specimens for each mixture were obtained from roller compacted slabs. These were 157 
divided into two groups. Two dry specimens were placed in a water bath at 40℃ for a 158 
period of 68 to 72 hours, wrapped in plastic wrap, in a sealed bag, followed by conditioning 159 
in a 20℃ thermostatically controlled air cabinet for more than three hours. 160 
The moisture conditioned specimens (three samples) were submerged in water and 161 
subjected to vacuum for a period of thirty minutes under 6.7 kPa pressure, and then 162 
conditioned at 40℃ in a water bath for 68 hours, followed by conditioning in a 20℃ water 163 
bath for more than three hours prior to testing. Then, the dry and wet specimens were 164 
tested for indirect tensile strength, according to BS EN 12697-23 [29], with a 50 mm/min 165 
constant displacement rate. The moisture damage test results are reported as an Indirect 166 
Tensile Strength Ratio (ITSR), which is the ratio of the wet strength to the dry strength, 167 
expressed as a percentage.  168 
3.6 Repeated load axial test (RLAT) 169 
This test was used to evaluate the permanent deformation resistance of asphalt mixture 170 
according to BS EN 12697-25 [31] using the Nottingham Asphalt Tester (NAT). During this 171 
test, asphalt mixture specimens are exposed to a repetitive harversian load and the 172 
vertical deformation after each repeated load was measured by means of two linear 173 
variable differential transformers (LVDTs) attached on the surface of the loading frame. In 174 
this paper the test conditions were 30℃ test temperature, with 5000 cycles test duration, 175 
30 pluses per minute and an axial stress of 100 kPa.  176 
3.7 Semi-circular bending test (SCB) 177 
The semi-circular bending test (SCB), as shown in Figure 8, was used to examine the 178 
fracture toughness (Ki) (crack growth toughness) and maximum stress (σ) at failure of 179 
asphalt mixtures according to BS EN 12697-44 [32]. Experiments were conducted on 180 
specimens supported by two rollers with a span length equal to 0.8 times the diameter 181 
under three point bending load configuration. A previous study recommended using rollers 182 
as supports so that the friction between the specimen and the support is reduced [33]. 183 
The Nottingham Asphalt Tester (NAT) was used for this test. This machine applied a 184 
monotonic load with a constant rate of displacement (1 mm/min) until failure, while 185 
recording the test results (load vs displacement).  186 




                       (N/mm2)                                                              (4) 188 
where D is the diameter, t is the sample thickness both in millimetres, and F is the 189 
maximum force on the sample in Newtons. 190 
The fracture toughness (Ki) was calculated according to the following equation: 191 
𝐾𝑖 = 𝜎𝑚𝑎𝑥 × 𝑓(
𝑎𝑖
𝑊𝑖
)                        (N/mm3/2)                       (5) 192 
where Wi is the height of the specimen, ai is the notch depth, both in mm, and 𝑓(
𝑎𝑖
𝑊𝑖
) is a 193 
geometric factor. The geometric value 𝑓(
𝑎𝑖
𝑊𝑖
)  is 5.956, for 9 < ai < 11 mm and 70 < Wi < 194 
75 mm. For other ai and Wi values, the geometric value can be calculated according to the 195 
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 198 
4 Results and Discussion 199 
4.1  X-ray CT image results  200 
The imaging process can be summarised in three steps: image acquisition, followed by 201 
image processing, and then image analysis. An advantage of using X-ray CT imaging is 202 
that by creating cross-sectional images, they can be used by specific programs, such as 203 
image J, in the rebuilding of a volumetric (three dimensional) image of any specimen. A 204 
greyscale 8 bit image consisting of 256 levels was used in this study. The intensity value 205 
ranged from 0 (black) to 256 (white) for each element in the image. Image quality plays 206 
a significant role in the accuracy of any information extracted. Therefore, great care was 207 
taken to enhance the image and filter out noise. This was done by using a Gaussian filter 208 
and by excluding very small areas of similar intensity. The image J program was used to 209 
analyse the results and to rebuild a volumetric three-dimensional distribution of fibres as 210 
shown in Figure 9. 211 
Although there is slight noise in rebuilding the volumetric distribution, it can be seen from 212 
Figure 9 that, in the case of steel fibres, the individual fibres were oriented in different 213 
directions (horizontal, vertical and inclined at different angles) inside the asphalt mixture 214 
specimen, forming a three dimensional network. It is clear from Figure 10 that steel fibres 215 
are distributed throughout the specimen. It can be noted that the total area of steel fibres 216 
is slightly higher in the depth range 25 to 40 mm compared to other parts of the specimen.  217 
An attempt was made to investigate the distribution of other fibre types (glass and 218 
cellulose) in the same way. The test results were not clear enough to analyse due to the 219 
similarity in the density of these fibres and other asphalt mixture components.  220 
4.2 Indirect tensile stiffness test results  221 
Figure 11 shows the indirect tensile stiffness test results of the control and fibre reinforced 222 
asphalt mixtures at 20℃. Error bars represent plus and minus one standard error. Adding 223 
more fibres led to increases in the stiffness of the asphalt mixtures, especially for short 224 
glass fibre and cellulose fibre. T-test results showed that the stiffness value of fibre 225 
reinforced asphalt mixture significantly increased, compared to control specimens, as show 226 
in Table 6. Stiffness modulus values of asphalt mixtures containing 2.0% glass-l, steel, 227 
cellulose and glass-s fibre are about 21%, 26%, 28% and 32% higher than the stiffness 228 
modulus value of the control mixture, respectively. This increase in stiffness modulus of 229 
fibre reinforced asphalt mixture may be due to two reasons.  230 
Firstly, any absorption/adsorption of the light bitumen fraction(s) by fibres will lead to 231 
increased bitumen stiffness [16, 34]. Previous studies, using the same fibres, showed that 232 
they increase the stiffness of bitumen [21] and that the asphaltene content of drained 233 
binder after mixing with fibres increased compared to the base binder, particularly for 234 
cellulose fibres [35]. Moreover, the complex modulus value of the drained binder after 235 
mixing with fibres showed a marked increase compared to the base binder. This 236 
demonstrates that the influence of the fibres on the properties of the bitumen and resulting 237 
mastic, is manifest in the properties of the mixtures made using these fibre reinforced 238 
binders. 239 
The second reason is the reinforcement mechanism of the fibre distributing the stress over 240 
a large area due to the three-dimensional network; this network can be seen in the X-ray 241 
CT image in Figure 9 and is also apparent in the fracture surfaces of the SCB test 242 
specimens, see section 4.7 and Figure 16.  243 
4.3 Indirect tensile fatigue test results  244 
The fatigue results for control and fibre-reinforced asphalt mixtures are presented in 245 
Figures 12-14, while the fatigue equations (Eq. (2)) for all control and fibre reinforced 246 
asphalt mixtures together and their R2 values are shown in Table 7. These fatigue 247 
equations show high R2 values for both control and fibre reinforced asphalt mixtures. 248 
With regard to the fatigue performance of control and fibre reinforced asphalt mixtures, 249 
the fatigue life in Figure 12 and Figure 13 and the fatigue parameters for the fibre modified 250 
asphalt mixtures in Table 7, confirm the difference in the fatigue performance of fibre 251 
modified asphalt mixtures at 0.5% and 1.0% fibre content, particularly for steel fibres. At 252 
the 100 micro-strain level, the 0.5% and 1.0% fibre reinforced asphalt mixtures showed 253 
approximately 1.5 and 2.5 and 1.8 and 2.8, times higher fatigue life for steel and long 254 
glass fibres, respectively. These values are 2.3 and 1.1 times higher for 1.0% cellulose 255 
and short glass fibres respectively, compared to the control mixture at 20℃ test 256 
temperature. At 2.0%, the cellulose fibre was the only fibre that showed higher fatigue 257 
life compared to the control mixture at the 100 microstrain level and 20℃ test 258 
temperature. However, at high strain level, the control mixture in general exhibited higher 259 
fatigue life than the fibre reinforced mixtures. This finding indicates that the fibre 260 
reinforced asphalt mixtures perform better only at low strain values and this is in 261 
agreement with a previous study [36]. The improvement in fatigue life is due to the fibre 262 
reinforcement effect as shown in the three dimensional X-ray CT image analysis (see 263 
Figure 9 for steel fibres). Fibre networks may perform as bridges, relocating and spreading 264 
stresses which may delay crack propagation and maintain greater strain before material 265 
failure, resulting in longer fatigue life. The improvement in fatigue cracking resistance 266 
could also be attributed to the fibre’s adhesion in the mastic. 267 
4.4 Indirect tensile strength test results  268 
Indirect tensile strength results of control and fibre reinforced asphalt mixtures at 20℃ are 269 
shown in Figure 15. The error bars represent plus and minus one standard error. It can be 270 
seen that glass-s and cellulose fibre reinforced asphalt mixtures showed a slight increase 271 
in the indirect tensile strength but only steel fibre reinforced asphalt mixture showed a 272 
marked increase, reaching 32% higher than the control mixture. T-test results showed 273 
that there is not a significant increase in the indirect tensile strength of fibre reinforced 274 
asphalt mixtures compared to control specimens, see Table 8. It is interesting to note that 275 
most glass and steel fibre reinforced samples after testing at 20℃ did not split in two, 276 
while all control and most cellulose mixture samples spilt at the end of the test. This is 277 
due to the residual strength provided by the fibres bridging the crack, as shown in Figure 278 
16. 279 
4.5 Moisture damage test results  280 
The results of indirect tensile strength (ITS) and indirect tensile strength ratio (ITSR) 281 
follow no clear trend as shown in Figure 17, Figure 18 and Figure 19. The ITS values 282 
improve when the samples are exposed to the moisture damage procedure. These results 283 
are in line with those of previous studies [10, 37-39]. A possible explanation for this might 284 
be that the limestone aggregate chemistry (hydrophobic) and the action of conditioning in 285 
warm water at 40℃ for more than 68 hours, may have led to slight ageing of the dense 286 
asphalt specimens, which can play a role in increasing the indirect tensile strength of the 287 
conditioned specimens [40]. This finding may indicate that the water conditioning is not 288 
harsh enough for dense asphalt mixture made with limestone aggregate and 7% target 289 
air voids.   290 
Another issue is that the failure mode in the ITS test is not pure tension but it is a 291 
combination of tensile, compressive and shear failures. It is clear that compression and 292 
shear occur at locations near to the loading cell at the top of the specimen during the ITS 293 
test [41] (see Figure 20). The plastic deformation at the top of the specimen under the 294 
loading cell may redistribute the stress and may change the effective strain rate in the 295 
centre of the specimen where tension occurs. Therefore, the influence of moisture damage 296 
on tensile strength measured from the maximum load may be quite complex and 297 
unpredictable [41]. 298 
In light of these results it was decided to investigate the influence of the moisture damage 299 
procedure on weaker specimens. Therefore, the moisture damage resistance of RLAT 300 
specimens was explored and this is detailed in the following section. 301 
4.6 Results of moisture damage in RLAT specimens 302 
All RLAT specimens used in this test were exposed to a repetitive harversian load at 30℃ 303 
test temperature with 5000 cycles test duration, 30 pluses per minute and an axial stress 304 
of 100 kPa, prior to soaking. As shown in Figure 21, Figure 22 and Figure 23 all RLAT 305 
specimens showed an ITSR higher than 80%, with no systematic difference between 306 
control and fibre reinforced samples. The reduction in the ITS of asphalt mixtures after 307 
RLAT testing compared to new specimens is expected because these samples have cracks 308 
after being exposed to 5000 load pulses in the RLAT test. This might help water to 309 
penetrate further inside these specimens and cause damage. However, due to the limited 310 
number of specimens used in this investigation, it would be worth investigating this 311 
further. It is important to note that both control and fibre reinforced asphalt mixtures 312 
performed equally well with regards to moisture damage resistance. 313 
4.7 Semi-circular bending test results  314 
The SCB test result, fracture toughness (Ki), has been used as a fracture assessment 315 
parameter by several researchers under different test conditions [42-44]. Fracture 316 
toughness (Ki) of thirteen asphalt mixtures with different fibre types and contents is shown 317 
in Figure 24 and Figure 25. Three replicates were used for each asphalt mixture. Error 318 
bars represent plus and minus one standard error. The SCB test was performed at two 319 
test temperatures (20℃ and 0℃). 20℃ was chosen to be the same as for the ITS and ITFT 320 
tests, while 0℃ was selected to examine the influence of fibre reinforcement on low 321 
temperature cracking of asphalt mixture. 322 
The fracture toughness at 20℃ increased gradually with the increase in fibre content and 323 
led to significant improvement mainly at 2.0%, as T-test results compared to control 324 
specimens show, in Table 9. There are several possible explanations for this result. Firstly, 325 
the ability of fibre networks in delaying crack propagation by spreading the stress across 326 
a larger area may lead to a reduction in the stress concentration caused by the cracks 327 
[45]. This is one of the reasons for significant improvement in fracture toughness at 20℃ 328 
of 2.0% long glass fibre reinforced asphalt mixture due to the presence of a large number 329 
of fibres in the notch area compared to glass-s and steel fibres. This was investigated by 330 
visual observation after the test, as shown in Figure 26. Also, for fibres with higher 331 
length/diameter ratio the formation of the network will produce more interweaving [46]. 332 
It should be noted that glass and steel fibre reinforced samples after testing at 20℃ did 333 
not split in two, while most cellulose and all control mixture samples spilt after the test 334 
was completed. 335 
Another reason for these results is the ability of fibre to absorb/adsorb bitumen fractions 336 
resulting in stiffer bitumen as shown in drain down test results in previous work [35]. 337 
According to a previous study it was found that binder with higher stiffness showed higher 338 
fracture toughness [47]. It is interesting to note that while the increase in fracture 339 
toughness due to the fibres is more apparent at 0℃ than at 20℃, the trend with increasing 340 
fibre content is more scattered. This is due to the fracture at 0℃ being through a 341 
combination of both aggregate and mastic as shown in Figure 27. Adding fibre to asphalt 342 
mixtures generally resulted in slight improvement in the average fracture toughness at 343 
0℃, although there is a large degree of scatter in the results. Such an improvement can 344 
enhance the resistance of asphalt mixture to low temperature cracking.   345 
The maximum stress and peak load were evaluated, as shown in Figure 28, Figure 29, 346 
Figure 30 and Figure 31. The maximum stress and peak load increased when fibres were 347 
added. This confirms the increased stiffness of fibre-reinforced mixtures. 348 
 349 
5 Conclusions 350 
This paper has examined the influence of different fibre types and amounts on the 351 
mechanical properties of asphalt mixture, by means of fatigue cracking resistance, 352 
moisture damage resistance and fracture toughness based on ITFT, ITSR and SCB, 353 
respectively. The study has also explored the fibre presence and distribution in the asphalt 354 
mixture by using X-ray CT and image analysis. Based on the discussion and analysis 355 
presented in this paper, the following conclusions are offered: 356 
 Steel fibre distribution and orientation has been investigated successfully, using X-357 
ray CT. This technique was not successful for glass or cellulose fibres, which have 358 
a density similar to other components of the mixture.  359 
 It was found that steel fibres are present throughout the mixture, although there 360 
is some variability in their distribution through the sample. Images showed that the 361 
steel fibres are arranged at a variety of angles, forming a three dimensional 362 
network throughout the sample.  363 
 The fibres increased the stiffness of the asphalt mixtures, by modification of the 364 
bitumen mastic (as demonstrated by previous studies) and by spreading load 365 
through the fibre networks in the mixture.  366 
 The fatigue life of modified asphalt mixtures was higher than that of the control 367 
mixture at low strain values for fibre contents 0.5% and 1.0%. The fatigue life of 368 
the control samples was higher at high strain values. 369 
 370 
 Adding 2.0% glass and steel fibre to the asphalt mixture results in lower fatigue 371 
life compared to other fibre contents and the control mixture. 372 
 Indirect tensile strength of asphalt mixture is improved when fibres are added. 373 
Steel fibres showed the highest improvement among all fibre types. 374 
 Control and fibre reinforced asphalt mixtures exhibited high resistance to moisture 375 
damage and their ITS improved after being exposed to the moisture damage 376 
procedure. 377 
 Specimens after RLAT testing were more susceptible to moisture damage. No 378 
systematic difference was found between control and fibre reinforced specimens. 379 
 Fibre reinforced asphalt mixtures showed higher fracture toughness than the 380 
control mixture. Fracture toughness at 20℃ test temperature shows a statistically 381 
significant increase, with the increase in fibre content.  382 
 Adding fibres showed an improvement in the low temperature cracking resistance 383 
of asphalt mixtures. They exhibited higher fracture toughness and maximum stress 384 
compared to the control mixture at 0℃ test temperature.  385 
 The extensive range of mechanical tests used in this study lead to one general 386 
conclusion: Adding these fibres enhances the properties of asphalt mixture in tests 387 
designed to assess their performance with respect to the predominant modes of 388 
deterioration in flexible pavements, that is, moisture damage, stiffness, low 389 





Table 1  Basic properties of fibres 395 
*Standard steel fibre modulus 396 
 397 
 398 
Table 2 Properties of 40/60 bitumen 399 
Property Value Standard 
Specific gravity (g/cm3) 1.03 BS 2000-549:2007  













Glass-L 2.58 13,000 12 to 20 80.3 
Glass-S 2.58 6,000 12 to 20 80.3 
Cellulose 1.50 20 to 2,500 ~25 - 
Steel 7.85 4,000 to ̴ 12,000 180 to 300 210* 
Softening Point (℃)  51 BS EN 1426:2015  
Viscosity at 135℃ (mPa.s)  446.9 BS EN 13302:2010  
 400 
 401 
Table 3 Properties of limestone aggregate 402 










Water Absorption 0.6 % BS 812-2 
Aggregate crushing value (ACV) 23 BS 812-110 
Los Angles coefficient (LA) 29 EN 1097-2 
 403 
Table 4 0/20mm size DBM specification 404 
Test sieve aperture size 
(mm) 










Table 5 Experimental programme 405 














Indirect tensile stiffness 
modulus (ITSM) 
10 20℃ 









Dry indirect tensile strength 
(ITS) 
2 20℃ 
Wet indirect tensile strength 
(ITS) 
3 20℃ 
Moisture damage 5 20℃ 
Moisture damage for RLAT 
samples 
2 20℃ 
Semi-circular bending test 
(SCB) 












T-stat P-value Significant* 
Control 2629.8 - - - 
0.5% Glass-S 2910.2 2.652 0.0226 Yes 
0.5% Glass-L 2860.2 2.699 0.0122 Yes 
0.5% Cellulose 2757.1 1.458 0.0842 No 
0.5% Steel 3119.6 6.476 0.00003 Yes 
1% Glass-S 3113.7 2.923 0.0111 Yes 
1% Glass-L 3086.6 3.882 0.0012 Yes 
1% Cellulose 3300.3 5.950 0.0009 Yes 
1% Steel 3238.0 4.307 0.0062 Yes 
2% Glass-S 3481.4 3.447 0.0068 Yes 
2% Glass-L 3184.3 6.684 0.00002 Yes 
2% Cellulose 3371.6 2.928 0.0163 Yes 
2% Steel 3317.8 6.103 0.0001 Yes 




















Control 𝜀 =5219 Nf  -0.345  44.4  8 Nf =3×1010 𝜀-2.794  77,468  8 0.97 
0.5%Steel 𝜀 =2853.9 Nf -0.274  64.8  3 Nf =2×1012 𝜀-3.481  218,288  1 0.95 
0.5%Gl-L 𝜀 =2588.1 Nf -0.274  58.7  4 Nf =1×1012 𝜀-3.462  119,124  5 0.95 
0.5%Gl-S 𝜀 =3663.7 Nf -0.318  45.3  7 Nf =1×1011 𝜀-3.128  55,463  12 0.99 
0.5%Cell 𝜀 =5075.4 Nf -0.350  40.3  10 Nf =2×1010 𝜀-2.726  70,637  9 0.96 
1%Steel 𝜀 =3788.5 Nf -0.292  67.1  2 Nf =1×1012 𝜀-3.355  194,984  2 0.98 
1%Gl-L 𝜀 =3827.1 Nf -0.309  46.0  6 Nf =4×1011 𝜀-3.230  138,695  4 0.99 
1%Gl-S 𝜀 =4495 Nf -0.336  43.3  9 Nf =5×1010 𝜀-2.890  82,979  7 0.97 
1%Cell 𝜀 =1920.5 Nf -0.241  68.8  1 Nf =2×1013 𝜀-4.024  179,073  3 0.97 
2%Steel 𝜀 =4001.3 Nf -0.333  40.2  11 Nf =6×1010 𝜀-2.978  66,397  10 0.99 
2%Gl-L 𝜀 =4519.4 Nf -0.353  34.4  13 Nf =7×109 𝜀-2.619  40,467  13 0.92 
2%Gl-S 𝜀 =4215.3 Nf -0.339  39.0  12 Nf =3×1010 𝜀-2.860  57,164  11 0.97 
2%Cell 𝜀 =3271.5 Nf -0.296  55.0  5 Nf =2×1011 𝜀-3.175  89,337  6 0.94 






T-stat P-value Significant* 
Control 1.053 - - - 
0.5% Glass-S 1.164 2.626 0.059 No 
0.5% Glass-L 1.064 0.231 0.419 No 
0.5% Cellulose 1.156 2.969 0.103 No 
0.5% Steel 1.285 1.605 0.177 No 
1% Glass-S 1.162 1.833 0.104 No 
1% Glass-L 1.066 0.179 0.437 No 
1% Cellulose 1.058 0.116 0.463 No 
1% Steel 1.135 0.648 0.316 No 
2% Glass-S 1.179 2.634 0.059 No 
2% Glass-L 1.106 1.420 0.195 No 
2% Cellulose 1.167 3.333 0.092 No 
2% Steel 1.302 2.514 0.120 No 
      * Indicates significant at the 95 percent confidence interval. 421 





T-stat P-value Significant* 
Control 5.132 - - - 
0.5% Glass-S 5.260 0.957 0.219 No 
0.5% Glass-L 5.129 0.007 0.497 No 
0.5% Cellulose 5.291 0.273 0.414 No 
0.5% Steel 5.521 1.951 0.061 No 
1% Glass-S 5.311 0.313 0.392 No 
1% Glass-L 5.619 1.340 0.136 No 
1% Cellulose 5.864 3.338 0.014 Yes 
1% Steel 5.623 2.132 0.037 Yes 
2% Glass-S 5.646 1.017 0.247 No 
2% Glass-L 7.192 14.819 0.002 Yes 
2% Cellulose 6.064 3.674 0.033 Yes 
2% Steel 5.593 2.951 0.023 Yes 




Figure 1 Scanning Electron Microscope (SEM) images of glass fibre 427 
 428 
 429 
Figure 2 Scanning Electron Microscope (SEM) images of cellulose fibre 430 
 431 
 432 
Figure 3 Optical microscope images of steel fibre 433 
 434 
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Figure 6 ITFT test configuration 443 
 444 
 445 
Figure 7 Experimental setup of ITS 446 
 447 
 448 




Figure 9 Three dimensional distribution of steel fibres inside asphalt mixture 453 
 454 
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Figure 11 Stiffness values of control and fibre reinforced asphalt mixtures 463 
 464 
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 467 
Figure 12 Fatigue life of 0.5% fibre reinforced asphalt mixtures versus strain 468 
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 493 
Figure 16 (a) steel, (b) glass fibre reinforced asphalt mixtures 494 
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Figure 18 Moisture damage results of control and 1.0% fibre reinforced asphalt mixtures 500 
 501 
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Dry ITS KPa Wet ITS KPa ITSR, %
 505 
Figure 20 Asphalt mixture samples after ITS test 506 
 507 
 508 
Figure 21 Moisture damage results of control and 0.5% fibre reinforced asphalt mixtures 509 








































































Dry ITS KPa Wet ITS KPa ITS Ratio, %
 512 
Figure 22 Moisture damage results of control and 1.0% fibre reinforced asphalt mixtures 513 
after RLAT test 514 
 515 
Figure 23 Moisture damage results of control and 2.0% fibre reinforced asphalt mixtures 516 
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 520 
Figure 24 Fracture toughness of control and fibre reinforced asphalt mixtures at 20℃ 521 
 522 
 523 

















































































0.5% fibre 1% fibre 2% fibre
  526 
Figure 26 Long glass fibres observed at the notch area of asphalt mixture sample 527 
 528 
 529 
Figure 27 Fracture face at 0℃ test temperature (red circles show aggregate fracture) 530 
 531 
 532 
Figure 28 Maximum stress of control and fibre reinforced asphalt mixtures at 20℃ 533 
 534 
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 537 
Figure 30 Peak load of control and fibre reinforced asphalt mixtures at 20℃ 538 
 539 
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